A shared feature of herpesviruses is their ability to enter a latent state following an initially lytic infection. Marek's disease virus serotype 1 (MDV-1) is an oncogenic avian herpesvirus. Small RNA profiling studies have suggested that microRNAs (miRNAs) are involved in viral latency. Sodium butyrate treatment is known to induce herpesvirus reactivation. The present study was undertaken to determine transcriptome and miRNome changes induced by sodium butyrate in 2 MDV-transformed cell lines, RP2 and CU115. In the first 24 h post-treatment, microarray analysis of transcriptional changes in cell lines RP2 and CU115 identified 137 and 114 differentially expressed genes, respectively. Small RNA deep-sequencing analysis identified 17 cellular miRNAs that were differentially expressed. The expression of MDV-encoded miRNAs was also altered upon treatment. Many of the genes and miRNAs that are differentially expressed are involved in regulation of the cell cycle, mitosis, DNA metabolism, and lymphocyte differentiation.
INTRODUCTION
Marek's disease virus (MDV), an alphaherpesvirus, has long served as a model for understanding both herpesvirus biology and virally induced oncogenic diseases. Marek's disease, a lymphoproliferative disorder of poultry, caused by MDV, was the first virally induced oncogenic disease controlled by vaccination. Numerous cell lines have been generated from MDV-induced tumors. These cell lines are an ideal resource for the molecular characterization of the MDV life cycle, including the regulation of the lytic/latent switch and viral reactivation. Analyses of MDV cell lines have revealed that MDV transformation greatly alters the host transcriptome. These changes are brought about by a variety of factors, including both viral and cellular proteins and microRNAs (miRNAs).
During latency, herpesviruses must tightly regulate their genome replication or risk detection by the host's immune system. Several viral proteins and miRNAs are involved in this process. For example, Meq (MDV oncogene) responsive elements in the pp38/pp24 (late lytic proteins) promoter are blocked by Meq homodimer binding, preventing DNA replication (Murata et al., 2011) . Other regulators of herpesvirus latency and re-activation include virally encoded miRNAs (reviewed by Hicks and Liu, 2013) . In several MDV-transformed T-cell lines, the promoter regions regulating both Meq and viral miRNAs are transcriptionally active (Brown et al., 2012) . Targeting of IL-18 by the viral miRNAs miR-M2-3p and miR-M9-5p may serve to limit detection by the host's defenses (Parnas et al., 2014) . It also appears that viral miRNA expression is tightly regulated during the lytic and latent stages of infection. In latently infected cells, the miR-M9-M4 cluster was detected as a single transcript. However, in cells undergoing a lytic infection single transcripts for each miRNA were found (Stik et al., 2012) . In general, many virally encoded miRNAs are located in latency-associated regions of the genome and are typically expressed higher in latently infected and/or transformed cells than in cells under lytic infection. In MDV-transformed cell lines it is thought that the virally encoded miR-M4-5p compensates for the loss of expression of the cellular miRNA, miR-155, as these miRNAs share a seed sequence as well as many overlapping targets (Morgan et al., 2008) . In general, virally encoded miRNAs are highly expressed in MDV-transformed cell lines (Yao et al., 2009) .
Several cellular pathways are important in the reactivation processes of herpesviruses. Among these is the ERK1/2 pathway (Cohen et al., 2006; Oussaief et al., 2011; Ye et al., 2011) . Phosphorylation (and thus activation) of ERK1/2, a mitogen-activated kinase, is induced during the reactivation of both 642 Kaposi's sarcoma-associated virus (KSHV) (Cohen et al. 2006) and Epstein-Barr virus (EBV) (Oussaief et al., 2011) . The ERK1/2 signaling pathway is also critical for varicella-zoster virus infections, as blocking this pathway reduces viral replication and increases apoptosis (Rahaus et al., 2006) . ERK1/2 phosphorylation can also be mediated by viral proteins. The EBV-encoded latent membrane protein 1 (LMP1) was shown to induce ERK1/2 phosphorylation via NF-κB activation (Fukuda et al., 2002; Oussaief et al., 2011) . The NF-κB signaling cascade has been shown to greatly impact the outcome of gammaherpesvirus infections (reviewed by Cieniewicz et al., 2016) . Blockage of canonical NF-κB signaling in MHV68 infected cells prevents the virus from establishing an efficient latent infection (reviewed by Cieniewicz et al., 2016) . Other cellular factors linked to herpesvirus reactivation include those associated with autophagy, as loss of these genes results in reduced reactivation of the murine herpesvirus MHV68 (reviewed by Reese, 2016) . This reduction in reactivation is attributed to IFN-γ activity (Reese, 2016) .
In order to characterize alterations in cellular regulatory mechanisms in MDV-transformed cell lines treated with sodium butyrate, a known inducer of viral reactivation, we employed a combination of deep sequencing and microarray analyses to identify changes in miRNA and gene expression, respectively. We found that the expression of a number of cellular and viral miRNAs is altered in treated cells. Multiple cellular pathways are also affected by sodium butyrate, including those associated with apoptosis, the cell cycle, and DNA repair.
MATERIALS AND METHODS

Cell Lines and Treatment
The MDV-transformed T cell lines, RP2 and CU115, and a non-MDV-transformed cell line (reticuloendotheliosis virus (REV)-transformed T-cell line) RECC-CU91, were obtained from the Avian Disease and Oncology Laboratory (USDA-ARS, East Lansing, MI). CU115 cells were generated from local lesions from a line S13 female infected (6 dpi) with MDV strain GA5 (Calnek et al., 1998) . CU115 cells are CD4(-)/CD8(-), TCR2 T cells. RP2 cells were produced from a gonad lymphoma from a MDV GA22 strain infected RPRL 15Ix7 male (Nazerian, 1979) . The CD/TCR lineages of RP2 cells are unknown. The REV-transformed cell line CU91 was created by culturing chick splenocytes in the presence of IL2 and then infecting them with REV (Schat et al., 1992) . All cell lines were grown in RPMI-1640 media supplemented with penicillin (100U/mL)/streptomycin (100 μg/mL)/amphotericin B (4 μg/mL), 10% fetal bovine serum, 10% tryptose phosphate broth, and 1% sodium pyruvate at 41
• C in a humidified incubator and 5% CO 2 .
Sodium Butyrate Treatment
Cells were treated with sodium butyrate (n-butyrate) Sigma-Aldrich, St. Louis, MO at a final concentration of 2 mM (Luka et al., 1979) . Cells were harvested at 0 h, and 12 and 24 h post-treatment (hpt), washed twice with PBS, and subjected to RNA purification. Sufficient reactivation levels were confirmed by monitoring the expression of viral genes (Supplemental Figure S1 ).
RNA Isolation
Cells were lysed in Tri-reagent (Sigma-Aldrich, St. Louis, MO) and homogenized, and total RNA was extracted according to the manufacturer's instructions, with the exception of overnight RNA precipitation at -20
• C. Total RNA was treated with DNase I using a TURBO DNA-free kit (Thermo Fisher Scientific, Waltham, MA). RNA quantity and quality were assessed using a NanoDrop ND-1000 and an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), respectively.
DNA Microarray Analysis
A loop design (1 replicate per loop) and a dye swap design scheme were used (Supplemental Figure  S2 ). RNA was amplified using an Amino Allyl MessageAmpII aRNA Amplification kit (Thermo Fisher Scientific, Waltham MA), aliquoted into 2 pools per sample, and each pool was separately labeled with either Cy3 or Cy5 reactive dyes (GE Healthcare, Chicago, IL). RNA samples from the same cell line and from a different time-point (either 0, 12, or 24 hpt) were co-hybridized (Supplemental Figure S2 ). The chicken (20.7 K) oligoarray (GPL6049) was purchased from Steele Children's Research Centre, Tucson, Arizona. Two replicates of each cell line and each time point were used, for a total of 16 slides. Following overnight hybridization, slides were sequentially washed in salt sodium citrate solutions with increasing stringency as described previously (Trakooljul et al. 2010 ). Cy3 and Cy5 TIFF images were generated from each slide using a GenePix 4000B Microarray Scanner (Molecular Devices, San Jose, CA). Signal values of hybridized probes were extracted from the TIFF images using the adaptive circle algorithm of the ScanArray Express Software version 3.0 (PerkinElmer, Waltham, MA). All data analyses were performed using JMP Genomics (SAS Institute Inc., Cary, NC). Log2 transformation and LOESS normalization were applied in data preprocessing steps. Quality of the data was evaluated by MA plot and correlation and grouped scatter plot methods. The analysis of variance (ANOVA) procedure was used to identify differentially expressed genes within each cell line between the 3 time points (0, 12, and 24 hpt). Differentially expressed genes identified in the MDV-transformed cell lines were then compared with differentially expressed genes in the REV-transformed CU91 cell line. This step was done to reduce the number of false positives (i.e., genes likely responding mainly to sodium butyrate rather than MDV reactivation). The microarray data sets supporting the results of this article are available in the NCBI GEO database (https://www.ncbi.nlm.nih.gov/geo/), accession numbers: GSM2752652-GSM2752675.
Quantitative Real-Time PCR of mRNAs and miRNAs
Reverse transcription quantitative real-time PCR (RT-qPCR) was carried out as follows. Additional independent replicates of RNA for each cell line and time point were included in RT-qPCR analyses to confirm the microarray expression patterns (4 replicates for CU115 and RP2 and 3 for CU91). For cDNA production, 2 μg of total RNA was primed with oligo(dT) 20 and reverse transcribed into cDNA using the SuperScript III First-Strand Synthesis System (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's procedure. RTqPCR was carried out (in duplicate) using 20 ng of cDNA, 500 nM of each primer (Supplemental Table S1 ) and 1x QuantiTect SYBR Green Mix (Qiagen, Germantown, MD) on a MyiQ Real-Time PCR detection system (Bio-Rad, Hercules, CA), using the following conditions: 95
• C for 15 min, followed by 40 cycles of 95
• C for 15 s and 60
• C for 30 s. Melting curve analysis was used to confirm primer specificity. All primers were designed using Primer-BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). For miRNA quantification, cDNA was synthesized from 1 μg total RNA using a miScript reverse transcription kit (Qiagen, Germantown, MD) as instructed by the manufacturer. The RT-qPCR reactions for miRNA were carried out as described for mRNA with the exception that forward primers were gene specific (i.e., the mature miRNA sequence) and a universal reverse primer was used (1X miScript universal primer (Qiagen, Germantown, MD). For mRNA normalization, ribosomal protein L14 was used and for miRNA normalization, small nucleolar RNA U83B was used. All expression values are presented relative to the most abundant sample which was scaled to an expression value of 1. Significant (P < 0.05) differences in expression were determined using ANOVA.
Small RNA Library Preparation
Total RNA was purified as described above for triplicate cultures of RP2, CU115 and CU91 at 2 time points, 0 and 24 hpt, with 2 replicates of each cell line and time point, for a total of 12 samples. Small RNA populations were enriched from total RNA using a mirVana miRNA isolation kit (Thermo Fisher Scientific, Waltham, MA). Libraries were constructed using a TruSeq Small RNA preparation kit (Illumina, San Diego, CA) according to the manufacturer's protocol. Briefly, 500 ng of enriched small RNA were ligated with the Illumina small RNA 3 adapter followed by the RNA 5 adapter and then reverse transcribed. The cDNA was PCR-amplified using a universal and an indexed PCR primer. Different indexed PCR primers were used for each sample to allow multiplexing in the sequencing reaction. Each cDNA library was purified and sizeselected on a 6% polyacrylamide gel electrophoresis gel. Adapter-ligated small RNAs are a total of 147 to 157 nt in length. The bands corresponding to the 145 to 160 bp marker were excised from the gel and ethanol precipitated. The cDNA libraries were stored in 10 mM TrisHCl (pH 8.5), and quality and quantity of the libraries were assessed on an Agilent Technologies 2100 Bioanalyzer using a high-sensitive DNA chip prior to pooling and deep sequencing on an Illumina Genome Analyzer IIx at the Genomic Sciences Laboratory, NCSU. The small RNA-seq data sets supporting the results of this article are available in the NCBI Short Read Archive (https://www.ncbi.nlm.nih.gov/sra), accession numbers: SAMN07549833-SAMN07549848.
Deep-Sequencing Data Analysis
Raw sequencing data was first demultiplexed according to the unique indices (nucleotide barcodes) embedded in the cDNA libraries. An overall phred quality score of greater than 20 was applied to filter out low-quality reads. The 5 -and 3 -adapter sequences were further trimmed from the high-quality reads. The FASTQ file format of the high-quality reads was converted to the FASTA format and clustered into unique sequences with their associated read counts using tools on Galaxy, an open web-based server (http://main.g2.bx.psu.edu/). The unique sequences were mapped against known chicken miRNAs in miRBase using miRanalyzer, a web tool for the deep-sequencing data analysis (http://bioinfo2. ugr.es/miRanalyzer/miRanalyzer.php). Differential expression analyses of the miRNAs were performed using the Bioconductor package edgeR (Robinson et al., 2010) .
MicroRNA Target Prediction
The Ingenuity Pathway Analysis (IPA) microRNA Target Filter was used to make inverse expression patterns between differentially expressed cellular miRNAs and their differentially expressed cellular target genes. Target genes of MDV-encoded miRNAs were determined using the Gallus gallus Unigene database (NCBI) and the miRanda algorithm (version 3.3; http://www.microrna.org) with the following parameter settings: score threshold >130 and free energy threshold < -16 kCal/mol. The list of potential target genes was further filtered using the following higher stringency methods: (1) a match between nucleotides 2-8 of the miRNA with the target sequence or (2) a match between nucleotides 2-7 and 13-16 of the miRNA with the target sequence (G: U wobble tolerance) and (3) miRNA binding sites must lie within the 3´UTR.
RESULTS
Differentially Expressed Cellular miRNAs in MDV Cell Lines Treated with Sodium Butyrate
Small RNA-seq analysis of the 3 virally transformed avian T-cell lines, 2 MDV-transformed (CU115 and RP2), and 1 REV-transformed (CU91), identified 17 cellular miRNAs which are differentially expressed in MDV cell lines treated with sodium butyrate, but not in the REV cell line within 24 h post-treatment. Among these, 7 were significantly (P < 0.01) downregulated and 10 were significantly (P < 0.01) upregulated. Six miRNAs were downregulated and 5 miRNAs were upregulated in the CU115 cell line. For RP2, 2 miRNAs were downregulated and 7 were upregulated in sodium butyrate-treated cells. Of the 17 differentially expressed miRNAs, 3 were shared between CU115 and RP2 cells. A list of all differentially expressed cellular miRNA is provided in Table 1 .
Differential Expression of Cellular Pathways in MDV Cell Lines Treated with Sodium Butyrate
Microarray analysis was utilized to survey changes in cellular pathways upon treatment of MDV-transformed cell lines with sodium butyrate. This analysis identified 198 differentially expressed genes in at least 1 MDV cell line, but not the REV cell line CU91, within 24 h (12 or 24 h) post-sodium butyrate treatment. The RP2 cell line had 137 genes with altered expression following sodium butyrate treatment and CU115 had changes in 114 genes. Of the 198 differentially expressed genes, 53 were shared between RP2 and CU115 (Figure 1 ). To confirm the microarray results, the expression patterns of 8 of the commonly differentially expressed genes were validated using RT-qPCR (Supplemental Figure S3) . These genes were TERF1, BCL6, DNAH3, ELOV7, IL16, IL17F, ITGB3BP, and RASD1. The Pearson correlation coefficients of these genes between the microarray and RT-qPCR analyses ranged from 0.63 to 0.99, with an average correlation of 0.84, highlighting the accuracy of the microarray expression profiles. Relative expression levels of all differentially expressed genes are provided in Supplemental Table S2 . The differentially expressed genes fell into 5 major expression patterns, 3 of which were upregulated upon reactivation and 2 were downregulated (Figure 2 ).
Identification of Cellular Pathways Associated with Sodium Butyrate Treatment in MDV-transformed T-cell Lines
To identify the cellular pathways most affected by MDV reactivation, IPA was used to functionally characterize the 198 differentially expressed genes identified in the microarray study. The major molecular and cellular functions of these differentially expressed genes are cell cycle, cellular assembly and organization, DNA replication, recombination and repair, and cell death and survival. Downregulated genes associated with these cellular processes are AURKA, CCNB2, CDC2, CDCA3, CDK1, CDK2AP1, CENPW, CIRBP, CIZ1, CKS1B, CKS2, DCTN5, DEPDC1, E2F7, FBXO5, GZMA, IL9R, KIF23, KLF13, LITAF, NDC80, NEK2, NUSAP1, PSPH, PTTG1, RACGAP1, RFC2, RFC3, RPA, SGO1, SPC25, STK24, TPX2, TTK, UBE2C, and UHRF1, whereas upregulated genes include PFKFB4 and RASD1 (Figure 3 ; Supplemental Table S2 ).
Reciprocal Expression of miRNAs and their Target Genes in MDV-transformed Cell Lines Treated with Sodium Butyrate
Of the 17 cellular miRNAs which were differentially expressed upon viral reactivation MDV-transformed cell lines, 9 displayed reciprocal expression patterns with 22 predicted cellular target genes (Table 2) . Among these target genes was RAB8A, which was significantly downregulated in both MDV-transformed cell lines 24 h post-sodium butyrate treatment. RAB8A is a potential target of miR-30b (up-regulated in both cell lines) and miR-3535 (upregulated in both cell lines). Another downregulated gene CIRBP (downregulated in both cell lines) is also likely targeted by multiple cellular miRNAs, . The miRNA, miR-3535 also likely regulates LRRC40 expression (downregulated in both cell lines), along with miR-2131 (upregulated in RP2 cells). The cellular miRNAs miR-2131 and miR-140-3p are also predicted to regulate ATP1B1 expression (downregulated in CU115 and RP2 cells).
Most MDV-encoded miRNAs were affected by sodium butyrate treatment of MDV-transformed cell lines (Figure 4) . Several of these virally encoded miRNAs also displayed reciprocal expression patterns with their predicted cellular targets. The miRNA mdv1-miR-M1-5p was upregulated in CU115 cells treated with sodium butyrate. Cellular targets of mdv1-miR-M1-5p, which were downregulated in reactivated CU115 cells, include CIRBP, TERF1, TXNDC5, and RAB8A. The MDV miRNA mdv1-miR-M9-5p was down-regulated in CU115 cells 12 h post-sodium butyrate treatment and in RP2 cells at both 12 and 24 h post-treatment. This viral miRNA likely regulates a variety of cellular genes, such as RHOB, BARD1, RAP1B, RASD1, and CRY2. In total, 8 differentially expressed MDV-encoded miRNAs are predicted to regulate the expression of 14 cellular genes, which displayed reciprocal expression, in at least one of the MDV-transformed cell lines (Table 3) . Of note, 3 downregulated genes in sodium-butyrate treated MDV-transformed cell lines, RAB8A, CIRBP, and TXNDC5, are likely regulated by both cellular and viral miRNAs (Tables 2 and 3) .
DISCUSSION
In the current study, microarray analysis of transcriptional changes in reactivated RP2 and CU115 cells identified 139 and 118 differentially expressed genes, respectively, in the first 24 h after the addition of sodium butyrate to the culture media (Figure 1 ). Of these 23 were upregulated and 116 downregulated in RP2 and 13 were upregulated and 105 were downregulated in CU115. A total of 198 genes were found to be significantly differentially expressed in both MDV cell lines but not in CU91, and conversely 326 genes were only found in CU91, whereas 147 genes were expressed in all 3 cell lines. Within the group of genes that were differentially expressed upon sodium butyrate treatment in the MDV cell lines, 84 were significant only in RP2 and 61 were only significant in CU115. A total of 53 genes were similarly differentially expressed in both the CU115 and RP2 MDV-transformed cell lines.
Lymphoblastoid cell lines generated from tumors and lesions associated with MDV pathogenesis allow for the in vitro examination of the molecular mechanisms underlying MDV latency and transformation. The majority of these cell lines appear to have originated from MDV-infected activated CD4+ T cells. It is thought that an initial phase of lytic infection in B cells results in the activation of resting T cells and that upon activation the T cells then become susceptible to MDV infection (reviewed by Parcells et al., 2003) . These T cells become latently infected and if the virus is an oncogenic strain, transformed. Several methods have been developed to reactivate herpesviruses in transformed cell lines. These include a change in culture temperature or the addition of chemicals, such as sodium butyrate (reviewed by Roizman and Whitley, 2013) .
Studies have been undertaken to identify gene expression profiles in a few MDV-transformed cell lines, but little is known about global changes in gene expression in many of these cell lines upon reactivation of MDV. In a mass spectrometry-based proteomic analysis of the MDV-transformed cell line UA-01, proteins associated with the regulation of cell proliferation and senescence as well as proteins associated with immunosuppression and evasion were identified (Buza and Burgess, 2007) , suggesting that pathways associated with cell proliferation and immune regulation are likely important in the maintenance of MDV latency and transformation. In order to further our understanding of genes and pathways associated with MDV latency and transformation, the present study was undertaken to determine changes in gene expression induced by sodium butyrate reactivation in 2 MDV-transformed cell lines, RP2 and CU115, using microarray analysis. The REVtransformed chicken CD4+ T-cell lymphoma cell line, CU91, was included as a MDV-negative control. CU115 was generated from local lesions from a chicken infected with an MDV strain GA5 (Calnek et al., 1998) , and RP2 was produced from a gonad lymphoma from an MDV GA22 strain-infected bird (Nazerian, 1979) . The REV-transformed cell line CU91 was created by culturing chick splenocytes in the presence of IL2 and then infecting them with REV (Schat et al., 1992) .
In the present study, one of the cellular networks most affected by sodium butyrate treatment is associated with the cell cycle, cellular assembly and organization, and DNA replication, recombination, and repair ( Figure 3 ). Most members of this large network were affected by sodium butyrate treatment in both CU115 and RP2 cells, but not in CU91 cells. At the center of this network is CDK1, which was significantly downregulated in both CU115 and RP2 at both 12 and 24 hpt. Other members of this network include SGO1, E2F7, AURKA, PTTG1, FBXO5, and CCNB2. In addition to these many downstream members were also affected.
Of the 5 subunits of the replication factor C (RFC) complex, which serves to load the PCNA processivity factor on to chromatin, 2 subunits, RFC2 and RFC3, were downregulated in CU115 and RP2 cells treated with sodium butyrate. The PCNA processivity factor was also downregulated in both CU115 and RP2 sodium butyrate-treated cells. RFC2 and RFC3 have been proposed to contribute to the motor functions of the RFC (Yao et al., 2003) . The KSHV latency-associated nuclear antigen was found to interact with the RFC, and disruption of this interaction reduced viral DNA replication and episome persistence (Sun et al., 2014) . As the expression of multiple cellular genes involved in DNA replication is affected by sodium butyrate treatment, it is likely that their associated cellular processes are used by MDV during viral latency and reactivation as seen with other herpesviruses.
BCL6 was upregulated, and conversely one of its target genes, LITAF, was downregulated in sodium butyrate-treated MDV-transformed cell lines (Supplemental Table S2 ; Figure 3 ). LITAF was found to regulate autophagy in lymphocytes, and its constitutive repression by BCL6 in lymphomas was suggested to be involved in lymphomagenesis (Bertolo et al., 2013) . Expression of UHRF1, an ubiquitin-related gene, was decreased in CU115 and RP2 cells upon sodium butyrate treatment (Figure 3) . Both UHRF1 and SUV39H1, also downregulated in treated cells, are interacting partners of DNA methyltransferase 1 (Jung et al., 2017) . All 3 were found to be downregulated during the initiation of senescence in human diploid fibroblasts (Jung et al., 2017) . We found the IL9 receptor (IL9R) to be downregulated by sodium butyrate treatment in CU115 and RP2 cells. Its ligand, IL9, is known to inhibit apoptosis in T-lymphomas (Demoulin et al., 2001) . It was further demonstrated that IL9R levels were correlated with the degree of cell growth inhibition (Demoulin et al., 2001 ). The expressional alteration of such a large network of cell growth and cell cycle-associated genes supports a role for these cellular processes in MDV reactivation.
The Ingenuity Pathway Analysis of differentially expressed genes in reactivated MDV-transformed cell lines indicated that signaling pathways associated with DNA damage checkpoints are associated with MDV reactivation. GADD45A is an important mediator of stress responses, which regulate cell cycle arrest, DNA damage repair, and cell death (reviewed by Salvador et al., 2013) . In EBV-transformed cells, knockdown of the serine/threonine-protein kinase PKCη, increased GADD45A expression, while decreasing the expression of several cyclin-dependent kinases, including CDK1 (CDC2), ultimately inducing cell cycle arrest (Park et al., 2014) . In the present study, in both MDV cell lines analyzed, GADD45A was significantly upregulated at both 12 and 24 h post-sodium butyrate treatment, whereas CDK1 was downregulated in both (Supplemental Table S2 ). HCMV encodes a serine/threonine kinase, UL97, which functions similarly to cellular CDK1 and can induce CDK1 expression (Gill et al., 2012) . Disruption of CDK1 in KSHV-infected PEL cells induces viral reactivation via p38 kinase induction (Li et al., 2012) . A CDK1 interacting partner, cyclindependent kinase subunit 2 (CKS2), is also downregulated in reactivated MDV cell lines (Figure 3 ). CKS2 is overexpressed in numerous cancers, where it is thought to override replication stress checkpoints (Liberal et al., 2012) . Serine/threonine kinases are important in regulating many cellular physiological processes, including cell cycle progression and stress responses. A family of serine/threonine kinases called Polo-like kinases mediates cell cycle progression at multiple stages. As discussed above, the cyclin-dependent kinase CDK1, also a serine/threonine kinase, is a major governor of G1/S and G2/M stage progression. The Polo-like kinase PLK1 can activate CDK1 (Tategu et al., 2008) . PLK1 can also block the activity of FBXO5 (downregulated in both CU115 and RP2 sodium butyrate-treated cells, Figure 3 ), which can inhibit the metaphase-anaphase transition during mitosis (Tategu et al., 2008) . The differential expression of such a large number of cell 
CU115↓(B); RP2↓(B) * ↓: significantly (P < 0.05) decreased expression; ↑significantly (P < 0.05) increased expression; B: expression was significantly altered at both 12 and 24 hpt. cycle regulators in both CU115 and RP2 cells treated with sodium butyrate suggests that MDV reactivation is linked to the cell cycle, as has been found for many other herpesviruses.
Many of the genes associated with cellular pathways affected by viral reactivation in MDV-transformed cell lines are likely regulated by cellular miRNAs (Table 2) . To identify the principal cellular pathways associated with MDV reactivation, we utilized stringent miRNA binding site predictions in conjunction with inverse expression between the miRNAs and their predicted targets. These miRNA/target pairings were not experimentally validated. However, combination of strict target prediction parameters with inverse expression patterns provides solid support for the biological relevance of the potentiality for the miRNA targets discussed here. Among these genes are KL13 and BCL6, which as discussed above are associated with T-cell proliferation and function. Other miRNA target genes include E2F7 and VDAC1. E2F7 is downregulated in both MDV-transformed cell lines post-sodium butyrate treatment and is a predicted target gene of miR-30b, which was upregulated following treatment (Table 1) . E2F7, a transcription factor involved in the negative regulation of cell cycle progression induced by DNA damage, regulates the expression of a wide array of genes associated cell cycle progression pathways and is often dysexpressed in cancer cells (Lammens et al., 2009; Zalmas et al., 2013) . VDAC1 is a mitochondrial membrane protein involved in apoptotic regulation. Interestingly, the herpesvirus MHV68 was found to encode an anti-apoptotic factor (vMAP) which can directly interact with both BCL2 and VDAC1 to regulate cell survival pathways in infected cells (Feng et al., 2007) .
The expression of the majority of MDV-encoded miRNAs was altered in sodium butyrate-treated MDV cell lines (Figure 3) . In silico target prediction revealed these miRNAs potentially regulate the same or complementary cellular pathways (Table 2) . Furthermore, many of these pathways were also affected by MDV reactivation in one or both cell lines. Potential MDV miRNA cellular target genes of particular interest are CIRBP, TXNDC5, and RAB8A, as these genes are also regulated by cellular miRNAs affected by viral reactivation (Tables 2 and 3) . CIRBP is a predicted target of the cellular miRNAs, miR- 140-3p, miR-3535, and miR-3536 , and the viral miRNA, mdv1-miR-M1-5p. CIRBP is a regulator of cell survival and was recently found to positively impact telomerase activity, particularly in cells undergoing environmental stress (Zhang et al., 2016) . TXNDC5 is likely regulated by the cellular miRNA miR-2131 and the viral miRNAs mdv-miR-M1-5p and mdv1-miR-M6-3p. TXNDC5 is a chaperone protein associated with protein folding processes and is often dysexpressed in cancers and in virally infected cells (Horna-Terron et al., 2014) . RAB8A is likely regulated by 3 cellular miRNAs, miR-30b, miR-1416, and miR-3535, and 2 MDV miRNAs, mdv1-miR-M1-5p and mdv1-miR-M6-3p . RAB8A is a small GTPase and is involved in the regulation of autophagy (Corbier and Sellier, 2016) . The present study found a high degree of reciprocal expression patterns between MDVencoded miRNAs and their predicted cellular target genes. These genes are associated with a number of interconnected pathways involved in cellular stress and replication, indicating that there is a coordinated effort by MDV to regulate cellular responses during its reactivation.
To further characterize the impact of sodium butyrate treatment on MDV-transformed cell lines, the cell line MSB1 was also examined (Supplemental Table  S2 , Supplemental Figures S1 and S3) . MSB1 was established from a splenic tumor from a bird inoculated with the MDV cell line, MOB1, which was originally generated from birds infected with MDV strain BC-1 (Akiyama and Kato, 1974) . MSB1 was later found to be naturally co-infected with both MDV1 and MDV2 (Hirai et al., 1990) . Microarray analysis of gene expression changes in MSB1 cells upon sodium butyrate identified 9 common genes with both the RP2 and CU115 cell lines. These genes were EGR1, TERF1, BCL6, DNAH3, ELOVL7, IL16, IL17F, ITGB3BP, and RASD1 (Supplemental Table S2 ). Three differentially expressed cellular miRNA, miR-30b, miR-34a, and miR-1434, were common between MSB1 and CU115 and/or RP2 cells upon sodium butyrate treatment (Table 1 and Supplemental Table S3 ). The reciprocal expression patterns of several MDV-encoded miRNAs and their cellular targets were also shared between all 3 MDV-transformed cell lines (Table 3 and Supplemental  Table S4 ). As these genes and miRNAs were similarly altered in 3 diverse MDV-transformed T-cell lines, but not in an REV-transformed T-cell line, they are some of the strongest candidates for association with MDVspecific reactivation processes.
In conclusion, the outcomes of the current study suggest that cellular DNA replication and damage responses, as well as cell cycle progression pathways, are some of the main players in MDV reactivation by sodium butyrate treatment. Furthermore, these pathways are targeted by a number of cellular and viral miRNAs, whose expression is reciprocally altered by sodium butyrate treatment. Overall, the present study suggests that both cellular and viral miRNA-mediated regulation of DNA replication and repair, as well as cell cycle progression, is a key component of MDV reactivation, thus highlighting the complex nature of MDV reactivation from latency.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Figure S1 . Confirmation of MDV reactivation upon sodium butyrate treatment of MDV-transformed cell lines. Expression values were normalized to RPL4 expression. Relative expression was determined within cell lines and relative to 0 hpt. The expression of MDV lytically associated genes gC and vIL8 increased within 24 h in all 3 MDV cell lines upon treatment with sodium butyrate (2 mM). Expression was monitored using RT-qPCR (n = 4). Green: CU115 cells; Blue: MSB1 cells; Yellow: RP2 cells.
Supplemental
* P < 0.05; * * P < 0.01; * * * P < 0.001. Supplemental Figure S2 . Microarray design scheme. Supplemental Figure S3 . RT-qPCR confirmation of microarray results. RT-qPCR was used to confirm the microarray expression patterns. For CU115, MSB1, and RP2 n = 4 for CU91 n = 3. The average Pearson correlation coefficient for these genes was 0.84, indicating the microarray results were highly accurate. Supplemental Table S1 . Primer sequences used in this study. Supplemental Table S2 . Log fold changes of differentially expressed genes (relative to 0 hpt) in the CU115 and RP2 MDV-transformed cell lines treated with sodium butyrate. Supplemental Table S3 . Cellular miRNAs with altered expression in MSB1 cells 24 h post-sodium butyrate treatment. Supplemental Table S4 . Predicted cellular target genes of MDV-encoded miRNAs with reciprocal expression with their targeting miRNA in MSB1 cells treated with sodium butyrate.
